The level of synthesis and extracellular release of human immunodeficiency virus type 1 Gag by insect cells was analyzed, using eight different recombinants of Autographa californica nuclear polyhedrosis virus harboring various constructs of the gag gene, cloned under the polyhedrin promoter. The results obtained suggested that gag expression was mainly regulated at the transcriptional level and was not significantly influenced by posttranslational events, e.g., Gag self-assembly, nuclear transport, or extracellular release. Two different forms of Gag were found in the culture medium of recombinant-infected cells. One form consisted of membrane-enveloped, corelike particles released by budding at the plasma membrane; the other of nonparticulate, soluble Gag polyprotein molecules. Both forms coexisted in recombinants expressing Gag with an intact N-terminal myristylation signal, whereas recombinants expressing nonmyristylated Gag released solely the soluble form. This suggested that myristylation of the N terminus was not a prerequisite for efficient extracellular release of Gag by insect cells, which could proceed via two independent but simultaneous mechanisms.
The gag gene of the human retrovirus human immunodeficiency virus type 1 (HIV-1) codes for a polyprotein (Gag), which is the precursor of internal structural proteins of the virion (reviewed in references 3 and 5) . Posttranslational cleavage of the Gag precursor of 55,000 Da (pr559ag) by the virus-coded protease yields the structural proteins pi7MA, p24CA, p9NC, and p6LI (5) . All the virion proteins of HIV-1 are potential targets for a class of antiviral agents molecularly designed to bind to structural elements of the virus particle and prevent its assembly or release (21) . Spontaneous assembly and budding of HIV-1 corelike particles has been observed in recombinant baculovirus-infected invertebrate cells (6, 16, 22) and recombinant vaccinia virusinfected mammalian cells (8) , in contrast to yeast cells (9) .
In the present study, we used different forms of HIV-1 Gag polyprotein cloned in baculovirus vectors under the control of the polyhedrin promoter and analyzed the level of expression, intracellular accumulation, and extracellular release of Gag molecules by recombinant baculovirus-infected cells, in correlation with cotranslational and posttranslational modifications, such as N-myristylation, Gag selfassembly, and budding. Eight recombinants expressing different domains of the Gag polyprotein precursor, i.e., p17 plus p24 (pr4l), p17 plus p24 plus p9 (pr47), or p17 plus p24 plus p15 (pr55) were studied pairwise, with or without deletion of the N-terminal myristylation (myr) signal. We found that (i) Gag synthesis was mainly regulated at the early steps involving the structure of the polyhedrin promoter and the start codon-flanking sequences, confirming previous observations with other baculovirus-cloned genes (11, 13) ; (ii) posttranslationally, intracellular assembly of Gag into corelike particles and its transport into the nucleus had no major influence on the final Gag yields; (iii) efficient release of Gag into the extracellular fluid did not significantly affect * Corresponding author. the overall expression of the gag gene; and (iv) the efficiency of extracellular release of Gag polyprotein molecules was apparently not directly related to the presence of an N-myristylation signal or to membrane budding of corelike particles, suggesting the existence of two separate, coexisting mechanisms for Gag extracellular export.
Construction of AcNPVga recombinants. Four different baculovirus intermediate vectors were used for our constructs. All are pUC9 derivatives (9.8 kbp) containing 7.2 kbp of baculovirus DNA inserted into the EcoRI unique site of the pUC9 polylinker. The baculoviral sequence comprises the entire Autographa californica nuclear polyhedrosis virus (AcNPV) polyhedrin gene with its promoter elements and flanking sequences from Galleria mellonella nuclear polyhedrosis virus. These hybrid baculoviral transfer vectors are referred to as pGmAc. Two of them gave rise to polyhedrinfused gene products (pGmAc31 and pGmAc533), and two gave rise to nonfused proteins (pGmAcO3 and pGmAcll5T (25) .
The different polypeptide domains and terminal sequences encoded by the various forms of gag gene in our eight AcNPVgag recombinant baculoviruses are schematically represented in Fig. 1 . The polyhedrin fusion gag constructs are referred to as Gagl6, -170, -10, and -5, while the nonfusion recombinants are referred to as Gagl4myr, -13myr, -12myr, and -159myr, respectively. Gag16, -170, and -10 are the amino-terminally truncated equivalents of Gagl4myr, -13myr, and -12myr, respectively. They are a result of the deletion of the N-terminal 14 amino acids of Gag containing the N-myristylation signal, with fusion to the first 8 amino acids of the polyhedrin. Gagl6 contains a carboxytruncated gag gene (from ClaI to SfaNI at nucleotide 1457 [29] ) coding for the polyhedrin-fused p17-MA and p24-CA.
Gag170 contains the ClaI-BglII fragment from gag corresponding to p17, p24, and p9, deleted of the last 11 amino acids of the p9NC sequence, i.e., 438-WPSYKGRPGNF-448. GaglO expresses a polyhedrin-fused, full-length gag (from ClaI to BstXI at position 1916), with its natural TAA stop codon at position 1836. GagS encodes the p17, p24, and p9 domains, fused to the N-terminal 58 amino acids from the polyhedrin polypeptide sequence. The Gag polyprotein sequence starts at Arg-15, the preceding residue being common to polyhedrin (Asp-58) and Gag (Asp-14) sequences. Gagl4myr, Gagl3myr, and Gagl2myr were obtained by using pGmAcll5T as the intermediate vector. The coding sequence of the N-terminal portion of the Gag polyprotein, , and whole-cell extracts were analyzed by SDS-PAGE (10 recombinants GaglO and Gagl2myr, both expressing the complete Gag precursor pr55 (p17-p24-p9-p6) in its N-truncated and non-N-truncated forms, respectively, a significant proportion of Gag was spontaneously cleaved into major products of 49 and 41 kDa (Fig. 2) .
Cytoplasmic accumulation of Gag was quantitatively assayed by antigen capture enzyme-linked immunosorbent assay (ELISA) (26) performed on cytoplasmic supematants of cells harvested at various times after infection, and the results were compared for the different recombinants. The intracytoplasmic concentration of Gag was 10-to 20-fold lower for Gagl59myr than for all the other recombinants at 48 h after infection (Fig. 3a) . With the exception of Gagl59myr, all recombinants showed little variation in their cytoplasmic Gag concentration (Fig. 3a) . At 48 h after infection, the values ranged between 180 x 106 and 560 x 106 molecules of Gag per cell (Fig. 3a) , corresponding to 14 and 45 ptg/106 Sf9 cells, respectively, for a Gag molecule of 48 kDa (as for Gagl70 and Gagl3myr). The lower Gag recovery from cytoplasmic extracts of Gag5-and GaglO-infected cells was likely to be related to the efficient nuclear transport of Gag shown by these two recombinants (22) .
By slot-blot hybridization analysis with agag DNA probe, no significant difference was found in the amount of gag mRNA recovered between 12 and 48 h after infection with all recombinants, except Gagl59myr (data not shown). The proportion of cytoplasmic gag mRNA in Gagl59myr-infected cells was 7% of the value found in Gagl2myr-infected cells at 12 h, 35% at 24 h, and 58% at 48 h, as determined by counting of the hybridized counts. These data confirmed that the level of expression of a foreign gene cloned under the baculovirus polyhedrin gene promoter is greatly dependent on the integrity of the baculovirus nucleotide sequence adjacent to the polyhedrin ATG start codon (11) (12) (13) 15) . The gag gene of Gagl59myr was cloned at position -8, whereas all the other gag gene constructs either conserved the first polyhedrin ATG as their start codon (fused recombinants Gagl6, -170, -10, and -5) or respected the upstream and downstream sequences adjacent to the nonfunctional ATT polyhedrin first codon (nonfused Gagl4myr, -13myr, and -12myr). The expression of HIV-1 gag would therefore be mainly regulated at the transcriptional level (11, 13, 15), although some control at the translational level could not be excluded (11, 13) . However, it has to be considered that the effects observed in our study on baculovirus recombinantexpressed gag may not be seen with other viral genes and other host cells. For example, in mammalian cells, gag expression is dependent on rev coexpression and is regulated by both cis-and trans-acting mechanisms, involving the RRE sequence in the mRNA and the Rev protein (3, 24) .
Intracellular posttranslational events and recombinant gag expression. For all the recombinants which respected the polyhedrin promoter structure and the start codon-flanking sequences, additional control could theoretically occur at posttranslational steps and hence modulate the final level of gag expression. These late controlling events could depend on the structure and biological properties of the cloned gene product, essentially (i) its cytotoxicity, (ii) its physical exclusion from the cytosolic soluble compartment, (iii) its transport to and accumulation within certain cell compart- estimated by a trypan blue exclusion assay, was apparently not significantly different between uninfected cells and cells infected with AcNPV-WT or AcNPVgag recombinants until 48 h after infection (Fig. 3c) . Self-assembly of Gag into intracellular corelike particles with a high efficiency, as shown by Gagl70, GaglO, and Gag5 (22) , resulted in the exclusion of Gag molecules from the soluble compartments of the cell. In addition, nuclear transport of GaglO, GagS, and, to a lesser extent, Gagl70 (22) prevented the cytoplasmic accumulation of Gag and could enhance their final production. The data showed that the total cellular yields of Gag obtained with Gagl70, GaglO, and GagS were only slightly higher than those produced by the nonassembling recombinant Gagl6 (Fig. 2A) , considering the difference in staining intensity between a 41-kDa protein (Gagl6) and a 55-or 53-kDa protein band (GaglO or GagS). All these suggested that the differences in intracellular pathways of recombinant Gag did not greatly influence the level of gag gene expression in Sf9 cells.
N-myristylation and extracellular release of Gag. Release of a cloned protein into the cell culture medium by recombinant-infected cells could also theoretically increase its final production as it diminishes its cytoplasmic concentration. Since N-myristylation represents a membrane-targeting signal for Gag (4, 6) , the efficiency of N-myristylation of the different recombinant Gag polyproteins was therefore analyzed by SDS-PAGE and fluorography of [3H]myristic acidlabeled cellular proteins. As shown in Fig. 4 , Gag polyproteins expressed by AcNPV9a914myr, -13myr, and -12myr were labeled with [3H]myristic acid, in contrast to polyhedrin-fused Gag. The labeling was hydroxylamine resistant (Fig. 4C) , as expected for an N-acylation (14) . The intensity of the Gag bands correlated in both [3Hlmyristic acid-and
[35S]-methionine-labeled patterns (Fig. 4A and C) . This suggested that the C-terminal deletions of the p6 (Gagl3myr) and p15 (Gagl4myr) domains had little influence, if any, on the activity of the cellular N-myristyl transferase and that N-myristylation of Gag polyprotein occurred cotranslationally in invertebrate cells, as in mammalian cells (27, 30) .
Comparison of the quantities of extracellular Gag released by cells infected with the different recombinants, as assayed by antigen capture ELISA (Fig. 3b) , showed that they could be grouped into two distinct classes. The first class represented high Gag secreters, which included Gagl4myr and its nonmyristylated counterpart Gagl6. Both recombinants secreted Gag with a significantly higher efficiency than all the other recombinants which constitute the second class. The observed difference in the amount of extracellular Gag was not simply due to cell lysis since no significant variation in cell viability was detected between low-and high-secreter recombinant-infected cells (Fig. 3c) . The cell culture supernatants were also analyzed by SDS-PAGE and linmunoblotting, using a pool of monoclonal antibodies directed against the two domains pl7MA and p24CA. The immunoblotting patterns of denatured Gag molecules confirmed the ELISA data (not shown) and excluded the hypothesis of a better accessibility of the Gag epitopes in immunocapture ELISA of Gag16 and Gagl4myr.
The total (intra-and extracellular) Gag recovery varied between 2,000 x 106 molecules per cell for the high secreter Gagl4myr and 320 x 106 molecules per cell for the low secreter GagS at 48 h after infection (Fig. 3) particulate Gag fractions consisted of uncleaved Gag precursor of 49 kDa (Fig. Sa) . Similar results were obtained with Gagl4myr and Gagl2myr, which secreted Gag in both particulate and nonparticulate forms, while for Gagl6, GaglO, and GagS, only the soluble form of Gag was released into the culture medium (data not shown).
[3H]myristic acid-labeled uncleaved Gag precursor of 55 kDa was found in the 600S fraction of Gagl2myr gradient, while the soluble Gag fractions mainly consisted of cleaved N-myristylated Gag pr4l (Fig. 5c ). This confirmed that uncleaved N-myristylated Gag precursor was incorporated into budding Gag particles (4, 6, 16, 18, 22) , but also indicated that a significant proportion of N-myristylated Gag was released as soluble molecules. The 600S fractions, when negatively stained and examined under the electron microscope, were found to contain doughnut-shaped, membrane-enveloped particles 100 to 110 nm in diameter ( Fig. 5d and e) , resembling retrovirus cores containing uncleaved Gag precursors (32) and structures released by A549 cells infected with recombinant HIV-1 gag-adenoviruses (28) .
Conclusions. Recent studies using recombinant HIV-, simian immunodeficiency virus-, or bovine immunodeficiencylike virus-baculoviruses have shown that precursors to p24CAgag can assemble into intracellular 100-to 120-nm corelike particles which are released as pseudovirus particles by budding at the plasma membrane, provided that the precursor molecules are N-myristylated (4, 6, 16, 18, 22) . As a consequence of membrane targeting and Gag budding, it was thus expected that N-myristylated forms of Gag would be produced in higher yield than their non-N-myristylated counterparts (31) . In fact, a pairwise comparison between recombinants of the high-secreter (Gagl6 and Gagl4myr) and low-secreter (Gagl3myr and Gagl70) classes (Fig. 3b (19, 20) . The finding of significant amounts of extracellular soluble Gag in the culture medium of cells infected with Gag5, which expresses a nucleus-targeted Gag (22) , suggested that the polyhedrin karyophilic sequence was not totally dominant over this putative membrane receptor-binding signal.
